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ABSTRACT
Low-metallicity star formation poses a central problem of cosmology, as it determines
the characteristic mass scale and distribution for the first and second generations of
stars forming in our Universe. Here, we present a comprehensive investigation assessing
the relative impact of metals and magnetic fields, which may both be present during
low-metallicity star formation. We show that the presence of magnetic fields generated
via the small-scale dynamo stabilises the protostellar disc and provides some degree
of support against fragmentation. In the absence of magnetic fields, the fragmentation
timescale in our model decreases by a factor of ∼ 10 at the transition from Z = 0
to Z > 0, with subsequently only a weak dependence on metallicity. Similarly, the
accretion timescale of the cluster is set by the large-scale dynamics rather than the
local thermodynamics. In the presence of magnetic fields, the primordial disc can
become completely stable, therefore forming only one central fragment. At Z > 0,
the number of fragments is somewhat reduced in the presence of magnetic fields,
though the shape of the mass spectrum is not strongly affected in the limits of the
statistical uncertainties. The fragmentation timescale, however, increases by roughly a
factor of 3 in the presence of magnetic fields. Indeed, our results indicate comparable
fragmentation timescales in primordial runs without magnetic fields and Z > 0 runs
with magnetic fields.
1 INTRODUCTION
The formation of stars at low metallicities, and in particu-
lar the determination of their characteristic mass scales, is
a central problem in cosmology. Low-metallicity star forma-
tion is particularly important during the epoch of reioniza-
tion, where UV photons from low-metallicity stars turn the
intergalactic medium from a neutral into an ionised state
(Shapiro et al. 1994; Gnedin 2000; Barkana & Loeb 2001;
Schleicher et al. 2008). If their mass is sufficiently low, they
may survive until today and serve as observational probes
via near-field cosmology (e.g. Clark et al. 2011a,b). Indeed,
a number of extremely metal poor stars (EMPs) has been
discovered in the Milky Way and in nearby dwarf galax-
ies (e.g. Frebel et al. 2010; Salvadori et al. 2010; Caffau
et al. 2013), including the close-to-primordial star SDSS
J1029151+172927 with Z < 10−5 Z at the heart of the
Lion (Caffau et al. 2011, 2012).
From a theoretical point of view, the purely primordial
stars were considered to be rather massive, with extreme
scenarios reaching several hundred solar masses (Abel et al.
2002; Bromm et al. 2002; Yoshida et al. 2008). More recent
studies have indicated the possibility of fragmentation (e.g.
Clark et al. 2008, 2011a,b; Stacy et al. 2010; Greif et al. 2011,
2012; Smith et al. 2011; Latif et al. 2013c). In addition, ra-
diative feedback appears to set a characteristic mass scale
of ∼ 50 M (Hosokawa et al. 2011; Susa 2013). However,
these mass scales show significant fluctuations. For instance,
large samples consisting of 100 minihalos may also include
stars with up to 1000 M (Hirano et al. 2014), while some
halos with particularly high angular momentum or a large
degree of turbulence may host stars with less than 1 M
(Clark et al. 2011a; Stacy & Bromm 2014). In more massive
primordial halos exposed to strong radiation backgrounds,
supermassive protostars with up to 105 M may form (Latif
et al. 2013b). A low-mass star formation mode can be ob-
tained during the merger of primordial minihalos, as shocks
enhance the electron fraction and the formation of H2 and
HD (Bovino et al. 2014a). A significant spread of the stel-
lar mass scales thus appears to be present already in the
primordial case.
In the presence of heavy elements, the cooling of the
gas becomes more efficient, thus decreasing the Jeans mass
as well as the accretion rate. One thus typically expects a
decrease in the characteristic mass scales. Bromm & Loeb
(2003) suggested that such a transition occurs at a metallic-
ity of ∼ 10−3 Z to ∼ 10−4 Z, where cooling through
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carbon and oxygen lines becomes efficient. At the same
time, cooling through dust grains can be important even
for dust-to-gas ratios of ∼ 10−5 times the ratio in the solar
neighborhood, potentially triggering fragmentation in close-
to-primordial environments (Schneider et al. 2003). Indeed,
this mechanism was potentially important for the forma-
tion of SDSS J1029151+172927, the extremely metal poor
star at the heart of the Lion (see e.g. Schneider et al. 2012;
Klessen et al. 2012). The impact of cooling through metal
lines and dust has also been explored in detailed one-zone
models by Omukai et al. (2005, 2008) and Safranek-Shrader
et al. (2010), while Cazaux & Spaans (2004, 2009) and Latif
et al. (2012) have demonstrated the importance of H2 forma-
tion on dust grains, which can strongly influence the ther-
mal evolution at metallicities of ∼ 10−4 Z. Detailed three-
dimensional (3D) simulations following the impact of dust
cooling during gravitational collapse further have shown
that the thermal evolution in 3D can deviate from the re-
sults found in one-zone models, in particular if the collapsing
clouds are rotating (Dopcke et al. 2011, 2013). Simulations
exploring low-metallicity star formation for metallicities up
to 10−2 Z for number densities till 100 cm−3 have further
been pursued by Jappsen et al. (2007, 2009a,b); Smith et al.
(2009); Hocuk & Spaans (2010) and Aykutalp & Spaans
(2011).
All in all, the equation of state resulting from the cool-
ing processes discussed here therefore influences the char-
acteristic mass scale of the clumps (Li et al. 2003), as well
as the formation of filaments (Peters et al. 2012). In par-
ticular in simulations employing a high resolution per Jeans
length, it is important that not only the cooling processes
are accurately employed, but also that high-order numeri-
cal solvers are used when solving the rate equations (Bovino
et al. 2013, 2014b). The publicly available package KROME1
for the modeling of chemistry with such high-order solvers
was recently released by Grassi et al. (2014). While such
a detailed modeling is certainly desirable in the future, we
aim here to reproduce only the main features induced by
the cooling, and will therefore adopt a parametrised equa-
tion of state derived from the 3D calculations by Dopcke
et al. (2013). Using a similar technique, Safranek-Shrader
et al. (2014b) have recently followed the formation of the
first stellar cluster due to metal line cooling, including the
formation of a low-mass star (Safranek-Shrader et al. 2014a).
The metallicities required for these scenarios can be reached
via supernova feedback from previous generations (e.g. Greif
et al. 2008, 2010; Ritter et al. 2012; Wise et al. 2012; Seifried
et al. 2014).
While the metallicity is certainly important in regulat-
ing the stellar mass scale, it has been speculated early that
also magnetic fields may have a strong impact on star for-
mation in the high-redshift Universe (e.g. Pudritz & Silk
1989; Tan & Blackman 2004; Silk & Langer 2006). A cen-
tral question concerns however their initial field strength,
which is highly uncertain in primordial scenarios (Grasso
& Rubinstein 2001). Seed fields can be provided through a
number of astrophysical mechanisms (e.g. Biermann 1950;
Schlickeiser 2012; Schlickeiser & Felten 2013; Shiromoto
et al. 2014). A particularly efficient amplification mecha-
1 Webpage KROME: http://kromepackage.org/
nism for initially weak seeds is the small-scale dynamo, a
process producing strong tangled fields within a few eddy-
turnover times (Schekochihin et al. 2002; Brandenburg &
Subramanian 2005; Federrath et al. 2011a; Schober et al.
2012b; Schleicher et al. 2013). This process was therefore
suggested to provide strong magnetic fields during the for-
mation of the first stars and galaxies (Arshakian et al. 2009;
Schleicher et al. 2010; Sur et al. 2010; de Souza & Opher
2010; Schober et al. 2012a; Sur et al. 2012; Turk et al. 2012;
Latif et al. 2013d). In the case of large-scale coherent mag-
netic fields, Machida et al. (2006, 2008) have shown that they
can lead to the suppression of fragmentation and the forma-
tion of the first jets in the Universe. More recently, they have
provided an in-depth investigation regarding the interplay
of the magnetic field with fragmentation and the transport
of angular momentum (Machida & Doi 2013), while Latif
et al. (2014) have shown that magnetic fields generated via
the small-scale dynamo can help to suppress fragmentation
during the formation of supermassive black holes.
So far, there is however no study concerning the im-
pact of magnetic fields for low-metallicity star formation, i.e.
with metallicities above zero. Here, we provide the first ex-
ploration of the combined impact of cooling through metals
and dust in the presence of strong tangled magnetic fields, as
provided via the small-scale dynamo. Our simulation setup
is presented in section 2, while the results are analysed and
described in section 3. A summary and discussion is pro-
vided in section 4.
2 SIMULATIONS
We present three-dimensional magnetohydrodynamical
(MHD) collapse simulations, using the adaptive-mesh code
FLASH (Fryxell et al. 2000) and an MHD solver that pre-
serves positive states (Bouchut et al. 2007; Waagan 2009).
The initial conditions for our simulations are similar to the
ones in Peters et al. (2012). We use a minihalo from a cos-
mological simulation of Greif et al. (2011). This halo corre-
sponds to Halo 4 in their nomenclature and has a virial mass
of 3.1 × 105 M and a virial radius of 97 pc. Once the halo
has collapsed to a central density of 2.8× 10−15 g cm−3, we
cut out the central 8000 AU of the simulation. This leaves us
with a rapidly collapsing sphere of gas containing 101.3 M
and a cosmologically consistent density and velocity struc-
ture, which we can use for our initial condition. We use out-
flow boundary conditions for the hydrodynamics and iso-
lated boundary conditions for the gravity solver. Since the
free-fall time of the gas at the boundary of the simulation
box is more than three times longer than our maximum sim-
ulation run-time, we do not expect this cut-out technique to
affect our results much. In fact, at the end of our simulations
the gas at the boundaries has barely started to collapse.
The initial condition for the magnetic field is identical to
Peters et al. (2012), except for the normalization. The mag-
netic field has a power-law spectrum PB(k) ∝ k3/2 on large
scales (Kazantsev 1968), peaks on a scale of 1250 AU, corre-
sponding to 20 grid cells in our initial setup, and drops with
PB(k) ∝ k−4 on smaller scales. This magnetic field spec-
trum represents an idealization of the spectra measured in
collapse simulations by Federrath et al. (2011b).
The temperature field is set by a barotropic equation of
c© 0000 RAS, MNRAS 000, 000–000
Low-metallicity star formation: Relative impact of metals and magnetic fields 3
10
100
1000
10000
106 108 1010 1012 1014
Z = 0
Z = 10−6Z⊙
Z = 10−5Z⊙
Z = 10−4Z⊙
n (cm−3)
T
(K
)
Figure 1. Temperature-density phase diagram for the different
metallicities Z = 0, 10−6Z, 10−5Z and 10−4Z.
state instead of the polytropic equation of state employed
by Peters et al. (2012). We use a look-up table generated
from the simulations by Dopcke et al. (2013), which include
a time-dependent chemical network to model the thermody-
namics of a mixture of low-metallicity gas and dust. Figure 1
shows the temperature-density phase diagram for the differ-
ent metallicities Z = 0, 10−6Z, 10−5Z and 10−4Z.
For each metallicity, we have run simulations with an
initial magnetic field strength of B0 = 0 (Z0B0, Z6B0, Z5B0
and Z4B0 for a metallcity of Z = 0, 10−6Z, 10−5Z and
10−4Z, respectively) and B0 = 10−2 G (Z0B2, Z6B2, Z5B2
and Z4B2). For Z = 0, we have run an additional simula-
tion with B0 = 3 × 10−3 G (Z0B3). For a summary of the
main model parameters, see Table 1. These values have been
adopted in order to have a reference case corresponding to
the absence of a magnetic field, as well as simulations which
start already close to saturation, i.e. where turbulent and
magnetic energies are comparable. Such a state is indeed
expected due to magnetic field amplification via the small-
scale dynamo (Schleicher et al. 2010; Schober et al. 2012a).
In the simulations with B0 = 10
−2 G (B0 = 3×10−3 G), the
initial magnetic energy amounts to 45% (4%) of the ther-
mal energy, 11% (2%) of the gravitational energy and 114%
(10%) of the kinetic energy of the halo. The simulations with
B0 = 10
−2 G therefore represent an extreme case where the
magnetic field has been maximally amplified.
Since we want to follow all simulations to a similarly
high density, the different temperatures at a given density
for the various metallicities result in different sizes of the
Jeans length and Jeans mass at the resolution limit. We
introduce sink particles (Federrath et al. 2010) at a threshold
density nthres = 10
15 cm−3 and set the sink accretion radius
to half the Jeans length at this density. The adaptive mesh
refinement is set up such that it always resolves the Jeans
length during the collapse with at least 32 grid cells and that
it resolves the sink particle radius with at least 4 grid cells.
Table 1 summarises the parameters and resolution limits of
the simulations. We have stopped the simulations when the
total cluster mass reached 3.75M.
3 ANALYSIS
3.1 Magnetic Field Morphology and Filament
Formation
Figure 2 shows density slices and magnetic field vectors at
three different times during the collapse prior to sink parti-
cle formation for the magnetic runs Z0B2, Z6B2, Z5B2 and
Z4B2. The figure shows that the magnetic field morphol-
ogy and the formation of filaments by turbulence during the
collapse depends critically on the thermodynamics. In agree-
ment with our findings from more idealised simulations with
a constant polytropic exponent (Peters et al. 2012), we ob-
serve a virialised, central core and tangled magnetic field
vectors as long as the equation of state is super-isothermal,
but notice strong shocks with sharp density contrasts and
coherent magnetic field vectors on scales much larger than
the Jeans volume during isothermal or even sub-isothermal
collapse phases. Sub-isothermal collapse occurs in simula-
tions with Z = 10−5Z and Z = 10−4Z at densities above
n & 1012 cm−3 and n & 1011 cm−3, respectively. The sim-
ulations with Z = 0 and Z = 10−6Z are only slightly
super-isothermal for n & 108 cm−3, and so the differences in
the qualitative behaviour of the simulations becomes smaller
as the collapse proceeds.
3.2 Sink Particle Formation
Figure 3 shows density slices and magnetic field vectors for
the three simulations with Z = 0. The runs with Z > 0 be-
have similarly and are displayed in Appendix A for the sake
of completeness. In all cases, sink particles form in disc-like,
rotating structures at the densest parts of filamentary den-
sity enhancements. These flattened, rotationally supported
structures are called pseudo-discs (Galli & Shu 1993a,b).
Their velocity fields can deviate significantly from Keple-
rian profiles as a result of strong gravitational instability
(e.g. Peters et al. 2011). For Z 6 10−6Z, these pseudo-
discs appear to be more stable to fragmentation compared
to the simulations with Z > 10−5Z, where sink particle
formation and shocks destroy the central, dense structure
and sink particle formation proceeds along the forming fila-
ments. We stress that in the following, we will use the term
“disc” as abbreviation of “rotationally-flattened structure”.
Our discs should not be confused with thin discs, which are
dominated by the gravity field of the star at the centre, and
only gradually become unstable as more gas falls onto the
disc and cannot be transported inwards fast enough. We nei-
ther see coherently rotating velocity fields nor pronounced
radial transport in these discs.
We note that, since we scale the magnetic field vectors
by (ρ/ρs)
2/3 with a reference density ρs to visualise the mag-
netic field over several orders of magnitude in density, very
long arrows can originate from areas with a density much
lower than ρs if the magnetic field is comparatively strong
there. Therefore, for fixed ρs, larger arrows mean greater
magnetic field amplification beyond pure flux freezing.
Gravoturbulent fragmentation at the sites of sink par-
ticle formation is so strong that a coherent disc magnetic
field cannot build up. The only exception are runs Z0B3 and
Z0B2, in which the most pronounced disc structures form.
We have followed the evolution of these disks for roughly
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t = 1.671 kyr t = 1.805 kyr t = 1.823 kyr
t = 1.556 kyr t = 1.802 kyr t = 1.824 kyr
t = 1.481 kyr t = 1.683 kyr t = 1.700 kyr
t = 1.487 kyr t = 1.658 kyr t = 1.683 kyr
Z = 0 Z = 0 Z = 0
Z = 10−6Z⊙ Z = 10−6Z⊙ Z = 10−6Z⊙
Z = 10−5Z⊙ Z = 10−5Z⊙ Z = 10−5Z⊙
Z = 10−4Z⊙ Z = 10−4Z⊙ Z = 10−4Z⊙
Bm = 1.37 · 10−1G Bm = 2.24G Bm = 3.68 · 101G
Bm = 5.90 · 10−2G Bm = 1.61G Bm = 3.02 · 101G
Bm = 7.41 · 10−2G Bm = 1.66G Bm = 2.49 · 101G
Bm = 7.49 · 10−2G Bm = 1.52G Bm = 2.28 · 101G
ρm = 1.85 · 10−13 g cm−3 ρm = 1.54 · 10−11 g cm−3 ρm = 1.06 · 10−9 g cm−3
ρm = 4.97 · 10−14 g cm−3 ρm = 8.55 · 10−12 g cm−3 ρm = 9.49 · 10−10 g cm−3
ρm = 6.79 · 10−14 g cm−3 ρm = 7.85 · 10−12 g cm−3 ρm = 1.03 · 10−9 g cm−3
ρm = 6.83 · 10−14 g cm−3 ρm = 5.61 · 10−12 g cm−3 ρm = 9.75 · 10−10 g cm−3
box size 921.64AU box size 116.03AU box size 18.84AU
box size 1693.50AU box size 147.69AU box size 15.60AU
box size 1460.35AU box size 129.14AU box size 9.15AU
box size 1385.35AU box size 87.22AU box size 10.51AU
−8.0−8.8−9.5−10.0 −10.2−10.8 −11.0−11.5−12.0 −12.2−12.8 −13.0−13.5−14.2−15.0
log10 ρ in g cm−3log10 ρ in g cm−3log10 ρ in g cm−3
BmBmBm
Figure 2. Magnetic field and density structure for the runs Z0B2, Z6B2, Z5B2 and Z4B2 as a function of time. Rows are different
metallicities (Z = 0, 10−6, 10−5, 10−4Z, from top to bottom), columns are different times (time advances from left to right). The mean
magnetic field Bm and mean density ρm within the Jeans volume are indicated in each panel. The magnetic field vectors have been
rescaled for plotting by (ρ/ρm)2/3, and a field strength of Bm at a density of ρm corresponds to an arrow of the length given in the
legend. The green circle marks the Jeans volume.
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Table 1. Simulations
Name Z B0 racc MJeans N Mmean Mmedian σ
2
M tfirst M˙mean
(Z) (G) (AU) (10−2M) (M) (M) (M) (kyr) (10−3M yr−1)
Z0B0 0 0 1.63 7.12 4 0.94 1.13 0.20 1.84 10.1
Z0B3 0 3× 10−3 1.63 7.12 3 1.25 1.15 0.85 1.83 8.51
Z0B2 0 10−2 1.63 7.12 1 3.75 — — 1.83 14.6
Z6B0 10−6 0 1.31 3.73 11 0.34 0.21 0.10 1.84 4.42
Z6B2 10−6 10−2 1.31 3.73 6 0.63 0.71 0.07 1.83 6.77
Z5B0 10−5 0 0.89 1.17 13 0.29 0.17 0.08 1.72 3.90
Z5B2 10−5 10−2 0.89 1.17 11 0.34 0.37 0.11 1.70 3.37
Z4B0 10−4 0 0.93 1.32 19 0.20 0.07 0.06 1.70 2.07
Z4B2 10−4 10−2 0.93 1.32 11 0.34 0.32 0.11 1.69 2.87
Metallicity Z, initial magnetic field B0, sink accretion radius racc and Jeans mass at the resolution limit MJeans for the different
simulations as well as the number of stars N , the mean mass Mmean, median mass Mmedian and the variance of the mass spectrum σ
2
M
after approximately 3.75M have been accreted onto stars, the time at which the first sink particle forms measured from the beginning
of the simulation tfirst and the average sink accretion rate over the simulation run-time M˙mean.
5 and 10 orbital times, respectively. Nevertheless, we found
no evidence for magnetically-driven outflows in our simula-
tions. This is probably because we would need to simulate
more orbital times to allow a strong toroidal magnetic field
to build up.
It is obvious that the magnetic field reduces fragmen-
tation and sink particle formation for all metallicities (com-
pare Table 1). The extreme case is run Z0B2, in which only
a single fragment forms in the centre of the disc during the
simulation run-time. Hence, although our sink particles do
not represent finished stars, we expect the magnetic fields
to shift the primordial stellar mass spectrum towards higher
masses, similarly to the situation in present-day star forma-
tion (e.g. Wang et al. 2010; Peters et al. 2011; Hennebelle
et al. 2011; Commerc¸on et al. 2011; Myers et al. 2013).
Table 1 displays some basic statistical information
about the sink particles that form in the different simula-
tions. We show the total number of stars N that form dur-
ing the simulation as well as the mean mass Mmean, median
mass Mmedian and the variance of the mass spectrum σ
2
M
when the simulations are stopped. Furthermore, we indicate
the time tfirst when the first sink particle forms and the aver-
age sink accretion rate M˙mean, which is defined as the total
mass in sinks at the end of the simulation divided by the
cluster age and the number of sink particles.
3.3 Support Functions
We can quantify the relative importance of thermal, turbu-
lent and magnetic support against gravitational collapse us-
ing analytical methods introduced by Schmidt et al. (2013).
For a gas with thermal pressure P , density ρ, velocity v and
magnetic field B, we define the thermal support function
Λtherm = −1
ρ
∂2P
∂xi∂xi
+
1
ρ2
∂ρ
∂xi
∂P
∂xi
, (1)
the turbulent support function
Λturb =
1
2
(
ωiωi −
√
2SijSij
)
(2)
with the vorticity ω = ∇× v and rate-of-strain tensor
Sij =
1
2
(
∂vi
∂xj
+
∂vj
∂xi
)
, (3)
and the magnetic support function
Λmagn =
1
4piρ
[
− ∂
2
∂xi∂xi
(
1
2
B2
)
+
∂Bi
∂xj
∂Bj
∂xi
]
+
1
4piρ2
∂ρ
∂xi
[
∂
∂xi
(
1
2
B2
)
−Bj ∂Bi
∂xj
]
.
(4)
Here we have implicitly assumed summation over repeated
indices. Positive values of Λtherm, Λturb and Λmagn indicate
support against gravitational collapse, whereas negative val-
ues mean that collapse is promoted. As a measure of the
contribution to the (positive or negative) support against
gravity, we use the ratio of these support functions and the
gravitational compression rate 4piGρ. Thus, we consider the
quantities Ξtherm = Λtherm/4piGρ, Ξturb = Λturb/4piGρ and
Ξmagn = Λmagn/4piGρ. We compute Ξtherm, Ξturb and Ξmagn
for all grid cells and then derive mass-weighted averages for
50 density bins.
Figure 4 shows Ξtherm, Ξturb and Ξmagn as a function
of density for the runs with Z = 0. The corresponding plots
for Z > 0 are deferred to Appendix B. Positive and negative
values are plotted separately. Especially in run Z0B2, the
presence of the magnetic field dramatically enhances not
only the magnetic support function, but also the turbulent
support function. In the simulations without magnetic fields,
the strongest positive support is due to the thermal pressure,
while turbulence provides a predominantly negative support
due to compressive motions (see similar results by Latif et al.
(2013a) and Latif et al. (2014) for a primordial collapse in
the presence of strong radiative backgrounds).
In the presence of a magnetic field, the positive and
negative contributions are nearly equal over a wide range of
densities, with the exception of the highest densities. In con-
trast, Schmidt et al. (2013) find pronounced positive support
by magnetic fields. However, there are important differences
compared to the scenario we consider here. Firstly, Schmidt
et al. (2013) compute the support for turbulence produced
by external forcing in a periodic box, where gravitational
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t = 1.863 kyr t = 1.878 kyr t = 1.932 kyr
t = 1.856 kyr t = 1.890 kyr t = 1.978 kyr
t = 1.864 kyr t = 1.924 kyr t = 2.082 kyr
Z0B0
Z0B3
Z0B2
Bs = 200G
Bs = 400G
ρs = 10
−9 g cm−3
ρs = 10
−9 g cm−3
box size 100AU
box size 100AU
box size 100AU
−9.0−9.0−9.0 −10.2−10.2−10.2 −11.5−11.5−11.5 −12.8−12.8−12.8 −14.0−14.0−14.0
log10 ρ in g cm−3log10 ρ in g cm−3log10 ρ in g cm−3
BsBsBs
Figure 3. Magnetic field and density structure for the runs Z0B0, Z0B3 and Z0B2 as a function of time. Rows are different initial
magnetic field strengths (B0 = 0, 3 · 10−3, 10−2 G, from top to bottom), columns are different times (time advances from left to right).
The snapshots show the simulations when the cluster masses have reached 1, 2 and 3.75M, respectively. The magnetic field vectors
have been rescaled for plotting by (ρ/ρs)2/3, and a field strength of Bs at a density of ρs corresponds to an arrow of the length given in
the legend. Black dots represent sink particles.
collapse is triggered by supersonic turbulent compressions
of the gas. Secondly, no sink particles are inserted in their
simulations. As a result, the magnetic field is squeezed into
collapsing gas of arbitrarily high density. In our simulations,
on the other hand, the magnetic field is decoupled from the
collapsing gas once sink particles are inserted. This limits
somewhat the maximal magnetic pressure that can build
up against gravity. Thirdly, we expect our collapsing halo
to have a stronger tendency to produce disc-like structures
in comparison to turbulence produced by random forcing,
which, averaged over the box, induces zero angular momen-
tum. These rotating discs might affect the field morphol-
ogy dramatically by winding up magnetic field lines and
building up magnetic pressure. Nevertheless, we see that
the net magnetic support becomes positive at densities of
10−9−10−10 g cm−3, where a protostellar accretion disc has
formed. This effect is particularly pronounced in the simu-
lation Z0B2, but also visible in Z0B3 with a weaker mag-
netic field, as well as in the higher-metallicity simulations.
Within the disc, the magnetic field therefore provides a sta-
bilising contribution, as also reported by Latif et al. (2014).
We therefore expect that the fragmentation timescale in-
creases in the presence of a magnetic field, as supported by
a more detailed analysis of the relevant timescales in the
system (Section 3.6).
3.4 Angular Momentum
Figure 5 displays the specific angular momentum jz at the
time of first sink formation as a function of radius and en-
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Figure 4. Support functions as a function of density after accretion of 3.75M for runs Z0B0, Z0B3 and Z0B2.
closed mass for all simulations. The values shown are the
mass-weighted averages over spherical shells centred on the
densest grid cell in the domain. Differences between the pro-
files are very small in general, so that even a magnetic field
close to saturation does not seem to substantially impact
the specific angular momentum profile. The magnetised ha-
los have only a slightly larger jz in the inner 100 AU. This
behaviour is to be expected for the runs with Z = 0, be-
cause here the disc structure, which is aligned approximately
orthogonally to the z-axis of the simulation grid, becomes
much more pronounced when the magnetic field increases,
but for Z > 0 it is less clear from the density structures
how an enhanced jz can be interpreted. The other compo-
nents of the specific angular momentum vector, jx and jy,
have more complicated, non-monotonic profiles, and show
no strong trend with metallicity or magnetic field strength.
In particular, both jx and jy change signs several times as
a function of radius, so that the situation gets very difficult
to visualise.
In their collapse simulations, Machida & Doi (2013)
find that magnetic braking transports angular momentum
very efficiently and prevents the formation of a disc when
B & 10−12(n/1 cm−3)−2/3 G, which is of a similar magni-
tude as our initial field strengths. This difference between
the two sets of simulations is most likely caused by the differ-
ing initial conditions. Machida & Doi (2013) initialise their
simulations with large-scale ordered magnetic field configu-
rations, whereas our simulations start from magnetic fields
with no global order.
3.5 Mass Spectra
Table 1 summarises the properties of the sink particle mass
spectra for the different simulations. In our simulations, the
sink particles represent dense collapsing fragments of gas.
Such fragments are the very earliest stages of protostars as
they have collapsed to high densities but have not yet started
to contract to the main sequence. The magnetic field reduces
the number of sinks and increases the mean sink mass in all
cases. For a fixed magnetic field strength, more sink parti-
cles form at a given star formation efficiency with growing
metallicity.
The final mass spectra of all simulations are shown in
Figure 6. The histograms appear to be flat and show no ev-
idence for a transition in the shape of the initial mass func-
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Figure 5. Specific angular momentum jz for all simulations at
the time of first sink formation as function of radius r (top) and
enclosed mass Menc (bottom).
tion at Z = 10−4Z as observed by Dopcke et al. (2013).
However, we have accreted 1M of gas less in our sink par-
ticles than Dopcke et al. (2013) and have limited data points
in our sample, so that our results are not statistically sig-
nificant. What is clear is that in all cases where there is
fragmentation a small cluster with a spectrum of fragment
masses develops. These fragments will act as seeds which
will grow in mass through accretion, possibly mergers, and
further fragmentation to form a final stellar cluster. The re-
duction in the number of fragments in the magnetic case
suggests that the final clusters may have fewer stars com-
pared to the non-magnetic case.
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Figure 6. Sink particle mass spectra after approximately
3.75M of gas have been accreted onto sinks.
3.6 Timescale Analysis
We try to understand the differences in the mass spec-
tra with a timescale analysis. We define a fragmentation
timescale
τfrag(t) =
1
N(t)
N(t)∑
i=2
∆ti, (5)
with the number of sink particles N(t) at time t and the
time difference ∆ti between the formation of sink particles i
and i − 1. In other words, τfrag is the cluster age divided
by the number of stars. The fragmentation timescale for
all simulations as a function of cluster mass is plotted in
Figure 7. Since run Z0B2 only forms a single sink particle,
our figure for τfrag must be considered as a lower limit of the
true value.
Most simulations have a fragmentation timescale be-
tween 1 and 30 yr, but τfrag for the non-fragmenting run
Z0B2 is almost 10 times larger than this. In this scenario,
the disc is particularly stable, as also shown through the
analysis of the support functions in Section 3.3. In all cases,
τfrag is greater in the magnetic than in the purely hydro-
dynamic simulations, typically by about a factor of 3. In
the primordial simulation without magnetic fields, the frag-
mentation timescale is enhanced by a factor of at least 10
compared to the runs with Z > 0. However, the fragmen-
tation timescale appears to depend very weakly on Z for
Z > 0. Magnetic fields typically increase it by a factor of
3, and indeed, the fragmentation timescale in Z > 0 runs
with magnetic fields is comparable to the Z = 0 run with
no magnetic field.
We compare τfrag with an accretion timescale defined
as
τacc(t) =
M(t)
M˙(t)
(6)
with the total mass of the cluster M and the total accretion
rate onto the cluster M˙ . The accretion timescale is shown in
Figure 7 as well. Again, magnetised simulations have greater
accretion timescales on average than non-magnetic runs.
The ratio of τfrag and τacc is plotted in Figure 8. This ra-
tio is smaller than unity on average and decreases with time.
This means that τacc grows faster than τfrag as the stellar
cluster grows. In other words, the stellar system effectively
decouples from the supply of gas from the environment. The
central star-forming region is so unstable to gravitational
collapse that further accretion of gas from the halo is not
necessary to maintain the star formation activity. Run Z0B2
is the only simulation for which τfrag/τacc does not decrease
but oscillates around unity. The extraordinary stability of
the disc in run Z0B2 is consistent with the unusually large
support functions for this simulation (compare Figure 4).
4 DISCUSSION
In this paper, we present a study assessing the relative im-
pact of metals and magnetic fields during low-metallicity
star formation. For this purpose, we consider metallicities
ranging from the primordial case (Z = 0) up to metallici-
ties of 10−4 Z. The magnetic field strength has been cho-
sen such that the magnetic energy becomes comparable to
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Figure 7. Fragmentation timescale τfrag (left) and accretion timescale τacc (right) as a function of cluster mass for all simulations.
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Figure 8. Ratio τfrag/τacc as a function of cluster mass for all simulations.
the turbulent energy during the formation of the disc, as
expected through the operation of the small-scale dynamo
(Schleicher et al. 2010; Schober et al. 2012a). We further
pursue comparison runs with no magnetic fields to quantify
their dynamical impact. In all cases, we follow the collapse
until 3.75 M of gas are converted into sink particles.
In the runs without magnetic fields, we find that the
primordial simulation provides the most stable configura-
tion, where the fragmentation timescale τfrag is enhanced by
a factor of ∼ 10 compared to the higher-metallicity runs. For
Z > 0, however, we observe that τfrag depends only weakly
on the actual metallicity. The accretion timescale τacc of the
cluster is slightly enhanced in the primordial case, but not
as much as τfrag, and overall τacc appears to depend only
weakly on metallicity. We therefore conclude that the over-
all accretion is set by the dynamics of the global collapse
and therefore insensitive to the cooling at high densities.
In the presence of magnetic fields, the primordial disc
becomes very stable, and τfrag increases by a factor of at
least 10. Up to the time covered in our simulation (∼ 2 kyr),
only one sink particle has formed. For Z > 0, τfrag is still
enhanced by a factor of 3, but fragmentation is no longer
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suppressed. We find, however, a similarity between primor-
dial runs without magnetic fields, and low-metallicity runs
with magnetic fields, which have comparable fragmentation
timescales.
These results are explored using the thermal, turbu-
lent and magnetic support functions proposed by Schmidt
et al. (2013). In the absence of magnetic fields, the thermal
pressure yields the dominant positive support for all metal-
licities explored here, while turbulence yields predominantly
negative contributions due to the presence of compressible
motions. On large scales where collapse has already occured,
magnetic fields have comparable negative and positive con-
tributions, while they act as a stabilising agent on the small
scale of the protostellar disc. The latter explains why the
fragmentation timescale increases in the presence of mag-
netic fields.
Finally, we assess the impact of these processes on the
sink particle mass functions. These sink particles represent
collapsing fragments, not finished stars. At the time when
we stop our simulation, i.e. when 3.75 M are converted into
sinks, we compare the sink particle mass distribution in sim-
ulations of different metallicities and with and without mag-
netic fields. In the primordial run with a saturated magnetic
field, only one single fragment forms, therefore indicating
a potentially top-heavy sink mass function. With decreas-
ing field strength, the number of sinks slightly increased,
but remains reduced compared to the Z > 0 simulations.
A shift towards larger sink masses is therefore expected in
the primordial case, which is particularly pronounced in the
presence of magnetic fields.
In the simulations with Z > 0, the sink mass function
appears rather similar regardless of the actual value of Z or
the presence of a magnetic field. We note, however, that the
number of sinks is somewhat reduced in all simulations with
magnetic fields, and there is a weak trend indicating the
formation of slightly more massive sinks. In order to more
strongly constrain the potential influence of metallicity and
magnetic fields on the stellar initial mass function (IMF), we
would need to follow the simulations until a larger number
of sinks has formed, therefore improving the statistics for
assessing the IMF. However, one should further explore the
impact of different initial conditions, and such simulations
would also require to include additional physics such as ra-
diative feedback (e.g. Peters et al. 2010a,c,b, 2011; Smith
et al. 2011; Stacy et al. 2012). In particular, the data for our
barotropic equation of state was extracted from the simula-
tions of Dopcke et al. (2013) before a disc was formed, which
probably results in an overestimate of the temperature and
too stable discs. On the other hand, our equation of state
does not include stellar feedback, which would heat the disc
by an unknown amount, stabilising the disc again. Which of
these two competing processes dominates is at present un-
clear. Nevertheless, our results indicate a similarity between
metal enrichment and magnetic fields in terms of the frag-
mentation behaviour, which needs to be explored further in
future studies.
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APPENDIX A: MAGNETIC FIELD AND
DENSITY STRUCTURE FOR SIMULATIONS
WITH Z > 0
In this Appendix, we show the density structures and mag-
netic field vectors for the simulations with Z = 10−6Z
(Figure A1), Z = 10−5Z (Figure A2) and Z = 10−4Z
(Figure A3) as the sink particles form. The structues look
very similar by and large, but the filaments seem to be more
pronounced than in the completely metal-free case Z = 0
(Figure 3).
APPENDIX B: SUPPORT FUNCTIONS FOR
SIMULATIONS WITH Z > 0
Here we show plots of Ξtherm, Ξturb and Ξmagn for the runs
with Z = 10−6Z (Figure B1), Z = 10−5Z (Figure B2)
and Z = 10−4Z (Figure B3). There is no strong variation
with metallicity in general. However, the simulation Z0B2
(Figure 4) has significantly larger support functions than all
runs with Z > 0, which explains the reduced fragmentation
observed in run Z0B2.
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Figure A1. Magnetic field and density structure for the runs Z6B0 and Z6B2 as a function of time. Rows are different initial magnetic
field strengths (B0 = 0, 10−2 G, from top to bottom), columns are different times (time advances from left to right). The snapshots show
the simulations when the cluster masses have reached 1, 2 and 3.75M, respectively. The magnetic field vectors have been rescaled for
plotting by (ρ/ρs)2/3, and a field strength of Bs at a density of ρs corresponds to an arrow of the length given in the legend. Black dots
represent sink particles.
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Figure A2. Magnetic field and density structure for the runs Z5B0 and Z5B2 as a function of time. Rows are different initial magnetic
field strengths (B0 = 0, 10−2 G, from top to bottom), columns are different times (time advances from left to right). The snapshots show
the simulations when the cluster masses have reached 1, 2 and 3.75M, respectively. The magnetic field vectors have been rescaled for
plotting by (ρ/ρs)2/3, and a field strength of Bs at a density of ρs corresponds to an arrow of the length given in the legend. Black dots
represent sink particles.
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Figure A3. Magnetic field and density structure for the runs Z4B0 and Z4B2 as a function of time. Rows are different initial magnetic
field strengths (B0 = 0, 10−2 G, from top to bottom), columns are different times (time advances from left to right). The snapshots show
the simulations when the cluster masses have reached 1, 2 and 3.75M, respectively. The magnetic field vectors have been rescaled for
plotting by (ρ/ρs)2/3, and a field strength of Bs at a density of ρs corresponds to an arrow of the length given in the legend. Black dots
represent sink particles.
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Figure B1. Support functions as a function of density after accretion of 3.75M for runs Z6B0 and Z6B2.
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Figure B2. Support functions as a function of density after accretion of 3.75M for runs Z5B0 and Z5B2.
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